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AllS’I’I<AC’l’

III tJIc ficlcl of planet mid ])roto-]llallctary  clisk ddrxtioll, acllievit!g IIigll angular rfxolutiol[  and high clyllalnic
ra]lgc is a ]Icc.cssi(y. Ground  iIllagcs arc l,lur-rcd  I)y .atrl]cjsl~llcric turl,ulcvice aIId t,llcrcforc  ada])tivc  c)~)tlics is IIeces-
sary to acllicve sul)-arcscc.cmd i]llagcs. Coro]logra])]ly  cc)u])lcxl with ada])tive  o])tics  CI]I  ground-based tclcsco]ms is a
wtiy to get l)otlI good s])atial  resolution and IIigll dy]]alllic ra]]gc. IIcnvcvcr  l~ccausc  c)f tllc atIIlc)s]~llcric  turl)ulc]lccj
grou]ld l)ascd systc]ns  arc still IIOt ca])al)lc  of detecting  I]laIlcts. ‘J’lIc  ]Iu])l)lc S])ac.c ‘Jklcscc)])c (11 S’1’), due to its
locatio]] al)ove tllc atrllos])llcrc,  would  hc c.a])al~le if tllc Illirrors  wcm ]~crfcc.t. ]Iowcver, l)cxausc of tile midual
fl.gurc errors OII tllc ])riioary  and 011 tllc scccnldary,  11S’1’  has a scattcmd  light level that, l)rcvc]]ts  it frm[l dctcc.ti]lg
extra-solar planets.

our silnulatio])s  SIIOW that IJY using all active lllirror  (400-1000 actuators) ill tllc o])tical ]~atli of llS’1’  with
ada])t,ivc o])t,ic.s,  wc call cc)rrcct tl[c IIlirrcm errors a]ld dccreasc tllc scat tcri]tg level I)y a factor 1 OZ (froIll 10-4 to
1 0- G fai]ltcr  tllall  the star). l“urtllcr]l]orc, l)y co]ltrollitlg  tlIc s])atial  frcquc]lcics c)f tlIc active ]Ilirror with a dad
lIolr algcwitlllll  wc CaII dcmwrse  tllc sc.atteri]lg lCVCI ill il[lagc XOIICS wllerc ])laIIet detect,io]l is  l ikely.  lJsi]]g t h i s
t,ccll]liquc, wc IIave succ.ccdrd  i]] dccrcasillg  tllc scattcri]]g  level to 3 X 1 ()- 8 of tllc star illtmlsit,y wit,llill  1 arcscc.
frc)ll]  tl]c cmltral  star. ‘J’llis  will allow tllc detccticlll of a Ju]liter-like l)lallct  10- “ tilllcs  di]lll[ler tllall  tllc cmltral
star locat,cxl 10 ])c away i]] 1 ]Iour of i]ltegratiml  ti]l]c with a sigllal-to.rloisc  ratio of 5.

‘J’llis ]Ia]mr  Clcsc.ril)cs tile ]I]ctl]cjd u s e d  to dctcr]llitlc  tlIc actua(c)r strc]kcs a])]llicd tc) a dcfor]oal]]c ]]lirror to
acl]icve ])lallct dctcc.tic)]l and tlIe dcsigll of a cc)rollogra])ll  wllic]l  illl])lelnc]lt,s this tiovcl tccll]]iqur.

1. lNI’l{ollt JC:T’l[)N

Si]lcc tllc disccwcry  of  tllc ])la]lct  l’]uto,  tllc 9Lt’ I)lallct c)f tile solar systm[l, lIIany attcltl])ts ]Iave l)cc]I ]I)adc
to detect ]~lanets c)utsiclc c)f our ])lallctary  sysielII. ‘1’llis  i]lc.ludes  both  i]ldircct  tcclllliques  suclI a s  astrcnlletry,
radial-  velc)cit.y ]I]casurcl[lc]iis, ])llc)tolllctry  a]ld direct tcclllliques  SUCII as ccmo]log;ra])llic  il]]aging. ]

IIccnusc of its location a]ld large collcctioli a]~mtrlrc, 11 S’1’ is a gc)od candidate for direct  i]]lagillg of ])lallcts.
l;xcq)t for tllc large allloullt  of s])llcrical al~crratioll, 11S’1’  has all “cxtrc]llcly })rccisc ~lri]]]ary  IIlirror (A/GO  a t
0.8//tII). ]Iowcvcr tllc S])acc ‘1’clcscc)])c is lIc)t cx])cctml to l~e al)lc to detect  ljlallcts, cvcl I Wit]l tllc lIcw c.orrcc.tive
o])t,ic.s (( X) S’1’AR and WII’/l’C2),  l)ccausc tllc IIigll sl)al ial frcqucllcy flgur-c errors 011 tllc ]Irit[lary ]Ilirror arc tc)o
large. ‘I’l ICSC errors will gm]cratc scatter fro]ll tllc star and ]Jrcvellt ]Jlatlct dctect,io]l, cwcl I wit]]  tllc usc of a
coronc,grapl]. ‘1’hcrcforc  wc I)ro})osc  to usc ac.tivc o])tic.s collll)illcd  with a coro]lograpl) to illcrcasc  tile dctcctic)]l
ca])al~ility of tlIe S])acc ‘l Ncsco]Ic.

All lIIC illtmlsity  ]Ilcasurcz[lmlts  calculated i]) this ])a])cr  arc rcfcrcllccxl  to tlIe star itltc]lsity  at tllc crnltcr of tllc
tclcsco])e 1’S17  before ally i]lstrul[lc]lt  wllicll ]Ilc)difim  tllc star light  distril)utio]i  (e.g. cc)ro]logra])]l,  active IItirror).

l’irst  wc will review tllc ]I)ajor ol]stac.lcs to dctcctillg  })lallcts with tllc S])acc ‘J’CICSCC)I)C  ($2.). AII o v e r v i e w
(33.) of tllc active o])tics tccllliolc)gy lINxlcd  is tllc]l ])rcwmltcd. ‘I’l Ic follmvitlp;  scctio]l ($4. ) will dcscril)c lIow we
usc tllc active c,])tics tlo get a low scattering ICVC1 alId tlICII wc will dcwcril)c tllc coroliogra])liic Iay-clut ($5.).

2. I’I, ANIJ1’  I)l;’I’EC’I’I{)N  lMAC; ING IS SLJII;S

‘1’IIc kcy ])rol)lc]]l  ill ])lallct dctcctio]l  is tl]at tllc ])lallct is al,out  1 0- “ tillicw fai]ltcr  tlla]l tllc star. Cc)]lsidcr  a
]~la]lct located at 0.5 arcscc wllic]] c.orrcsl)o]lds to 5 AU, tllc Ju])iter-Sull  distallcc , at 10 pt.. }Jigurc  1 SIIOWS tllc
sig]lal-t,c)- ]]c)iscratic) (SNIL)  for tile case of tile llul IIIlc S]]acc ‘1’clcscc)])c. \Vc call see t,llat ill order tc) usc rcasonal)le
exposure ti]llc,  wc IIccd a hac.kground  level 107 tilllcslowcr tllall  tile star radiation. ‘1’llerc arc two ori.gills for tllc
I)acligroulld: tllcdiffracticnl  willgsfrolll  tlicstar( cf. ~2.1.)al[(l  tllcscattcrccl ligllt( cf. $ 2 . 2 . ) .



. Planet detection performance of the Space 1 elescope

l’al’am!t cl’s

‘1’c,tal  trallsl]lissioll 4 G%
Collcctillg  Arm 4 111~
Cclltral  Wavclcllgtll  0.8 /1111
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● star 8 x lo~])llotoIls/s
● plallct 0.8 pllotc)Ils/s
l’lllx at G ])C:
● star 2 x 109 photons/s
● ])l?lllct 2 phc)tolls/s

l’igur(! 1: SN1t c.alcu]atio]l  iii t}lc case of t}lc IIul,l,]c  S1)acc ‘1’cIcwcw])c=  and for
a Su~l-Jupiter  syskIII at 6 and 10 ]IC..

2.1. Diffraction

~;ollsiclcr  tllccasc wllcre tllctclesc.oljc  is]mfcct and Ilotllillg]lcrtllrlls tllcillcolllitlg stellar wavefro]lt. lJct us
also aSSIIIIIC  that l~otll tl)c star al)d the l)lallct  arc :Iot resolved l)y tllc tclcsm~~e. IIccausc of tllc lilllitcdsizc of
tllc tclcsco])cj  tl)c stellar I) UIIII will l)c diffracted as a]] Airy ]~attcrli and tlic planet  huricd  ill tllc })oillt s]]rcad
function  clf tllc s t a r  (SCC fig. 2) .  I f  rr(v, v) is iltc ]]u]~i]  fallc.tioll tllcll tllc illtmlsi~y c]f tllc mrrcsl)c)l[dillg  ]Ioillt
sl]rcad fallc.tiol] (1’,S]7) is give],  ]Jy

(1)

wllcrc tllc syllll)ol “=’ is tllc I“ouricr trallsforlll  o})crator.
‘J’]Ic diffracted li.gilt c.o]ltril]utcs  to t]lc }J]IO1O]I  IJackgroulld  and actually  ])revellts  ally dctcctic)ll  of plaints. III

tllc case of }1S’1’, tllc diffracted Iigllt lmw.1 at tllc locat,ioll of tlic ])lailct is al)c)ut  10–4 tilllcs  slllallm  tllall  tlIc
ccvltral illtcasity oftllc star. ‘J’llatllleallst,llat tllcl)ackgrc)~l~l(llevc]  would I)c2x 1 05 ])}lc)tcJlls/sc c)Il~]Jarcdtotlle
2])llcJtolls/s  cc)lllillgfro)ll  tllc])lalletlo catccl at6 I)C (SW ‘1’al)leill  l’ig. 1 ) . ‘1’IIc SNILill  olIc liour ofilltcgratitlg
tilllewouldollly I)c O.3, wllicll IIlcallstllat dctccti)lg  a ])lallct would require all cxceediilgly lc)llgilltegratic)ll  tillle.

IJet us IIOW  cc~llsidcr tile case of all actrlal  ]Ilirror. ‘1’IIc 11 S’1’ IIlirror]las  a very accurate sarfacc,  Ilut tllcm are
SOIIIC residual errors oll tllc surface. Smttcr-ilig will I)c dcfi IIcd as.ally  diffraction) }jattcrll crcatcxl o]lly l)y tllc
slllall  ralldoln  fi. gurc al)crratic)lls o] I tile IIlirrc)r  surface, i.e. I)y ~~1(7/,v), tllc ])llasc crrc)r fullctio]l.  ‘1’l)m-fore, iftllc
]nirr-or  was lmfccl, I#l(u)v)  would  I)c equal to zero at every point  of tllc ~)ll]jil. ‘J’llci~ltcllsityc) ftllcactllal l’SII’
is tllcll 2

1] = @,tlp$ ’@M . (2)

IIlorclcr  tc)se])aratct llccflcct c)fcliflractic)llf  rc)Itlt llccflFctc  )fscatterillg, v’cw’ill fc)clls c)]ltllc{  liflcrc]lccl  )etw’cc~)
tlIc actual  1’S1’  allcl the ])crfcct  ])oillts})rcad  fullctio)l (ge]lcratccl  by a })crfcct  wavcfrolit,  cf. ~ 2 .1 . ) .  Wc ])crforlll
tllisdiffcrmlco  with tllccolll]>lcxal ll])litliclcill tllc])lll)il])lallc. ‘J’llis  issilllilar tousi]lg ahlicllclsclll  illtcrfm-olnct,cr
ill tile ]Iu])il  ])lanc willl a diffcrcvltial  ol, tical  l)atll lcllgtll equal to half a wavclelig~ll.

‘] ’]lcrcfc)rc these.at,t,cril]g iscx]~rcsscd as:

s’] = [7r(7/,  v) (r=’’]”)  -  1) ] (3)
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10-9 tilllcsfailltcr tJInTI tlIc star.

lftllcl  )llascerrc)rs arcslllallcllc)llgll, as ill tllccascofl IS’1’,  tllml tllcscattcrillg cciII I)ca])l]roxil[latccll]y:

2
,$’~ N](I* fjl~i;u) , (4)

where 10 is tl]c previously dcfillcd I’S]r  illtmlsity  distril]utioll.
‘1’IIc illlagcc,f tllc IJllasccrrc)rs  of tile IIul)l)le  Sl)acc’1’clcscol~c  issllowll  01) l’i.g. 3 . ‘1’lIc data were talccvl froln

a report l~y ltoddicr L7 ltoddicrz wllcrc ]~llasc-retrieval tcclllliqucs  were uscxl o]l 8-9 Wl+’/l’C-l illlagcs  durillgtlle
II AIL1’ (Ilul)l)]c Al)crratiol]  ILciricval  l’rogralll)  ])rclgralll  to assess tllcs])llcric.al  al]crratioll  o]) 11 S’1’.

‘J’IIc  rcsultillg  scatteril]g  iss]lowl)  C)II  l“ip;. 4. Wccal) scc tllattl lcscattcrillglcvcl  isolllyal~clu~  1 0- 5  t o  10-4
tilllcstlilllltlcrtllall tllcstarovrrtl]e  wlloleil[]agcalld will l)rcvmlt  tllc dctcctio]l  ofal)lallct. With a ccmllogra~)ll
wc can rccluc.c the lrlain cliffrac.tioll  cflcct, Ilut tllc I)ackgroulld will still  l)c lil!litcd  l)y (l[is scat ter ing.  ‘1’llc SNlt
results arc cc~lll]~araljle to those c)l)taiilcd ill $ 2.1., i.e. tile IIedcd illtcgratic)]l  tilllc  tc) c)l)taill  a good SNltis too
IClllg.

‘l’lie diflractcd  slid scattcrcd  liglits  arc twc) additive l)llcllo~llc]ia. Wcsc,lvcd  t,llc t,}~o])rol)lcll)  sscl)arately, the

first with a corollc)grap]l  (~ 5.) and tllc sccmlcl wit]]  all active  IIlirror ($ 4 . ) .  IIi t h i s  palm, we prollosc  tousc a
defcmll)al)lc  IIlirrc)r  tc] lower tllc scattering lCWI ill ]~art c)f tile illlagc  and tc) illcrcasc  tile dctcctic)ll  IJcrfc)rlllallcc ill
a  regic)ll wllcre tile ])lallet iscx]mctcd.

3. S1’ACR  ACI’IVE  01’’J’IC:S

‘1’lIc s])acc l,ascd coro]logra])ll  will rquirc  a IIi.gll dmlsity dcforliial)lc  IIlirrc)r  wit}] low stroke tc) correct for
w:ivcfro]ltcrrors  at lcnvs]]atial  scales. IIccausc of]):lckap; illgcollstraillts, tllc illlagcof tllcl)u])il  c)lI tfIf.’  dcforlllal)lc



IIlirror

10°

10”’

10“2

10“3
$,..4

F$
.? .5n 10
~..
-~ lo”a
$

10“7
1

10“8

10-9

I

F)lanot

.1010 0 L . _ _ _ .  .  .  .  .  .  .  .  .  .  .
0.5 1

arcsoconds

}+ST Scattering Level (RMS LambdaE9.3)

r

[
r.%\

~.” -’-----

Scatkwing $4 S.--.,-...*, ,-,
*, - ’  - ’ . .,., -.0

‘. -

-—. .I
1.5

Figllrc! 3: 11 S’1’ ])lIasc  IIIalI Figulx!  4: llS’1’scatterillg;  lCVCI

1: S])acc act,ivc o])tics  vs. ~rc)ulld ada])tivcc)])tics  s])cc.ificatic,]ls

C+Ixn~lId(I>~  10lll,ro= 20c111) S])acc
2 5 0 0 300-1200
10/1111 50 11111

actuator  ]x!solut. io]l
swvo l)nlldwicltll
Wav(!frwllt  Sc:llsol’

will IIc)t  lJC very large.

1011111 0.1 11111

50-200 lIZ <0.001 IIz
llartlllall/cilrvatllre etc. sc.icllcc calllera  (using I,llasc retrieval)

A s  all cxalll]}lc, a dcsigll for tile 11.S’1’  advailccd caillcra:+ resulted  ill a 2.5 c.rll
dialllcter  for the rc-illla~cd  l)ul)il. Wit,ll actuator sl)ac.illgs  c)f 1 111111, this would r-csult,  ill 490 actuators across tile. . .
IIlirror, and tllrll  tllc dcfc)rltlal)lc IIlirrc)r  would I)c cal)al~lcof  only correcting errors ill the llSrl’]Jri Illaryat  sl)atial
scales larger  t,ljall 9.6 C]11.

3.1. S1):MX:  A&]~tivc! O])tics vs. G]wIII~d  Adal~tivc!  O] Jtics

\4~llilc tllcacla])tivco]  )tics(A ()) cc)llcc]]ti  stllcsal]lef c]rgro~lllcl  alldforsl,acc, its illllllclllclltatic)lli?l  sl)acc and
c)]l t,]lc grou]id are very diffcrellt,. Grc]ulld-l]ased  A() systmtls  are dcsig[lcxl to rclllovc tile t,il[lc-varyillg})llasc errors
illiroducml  I)y atrllos])llcric  turl)ulc]lcc.  S])acc A() has all cultircly diffcrmlt  goal, nainely,  tc) ccmrect tllc fal]rication
errclrs ill tllc large ligllt-c.ollcctiilg  oIJtics and to tllcrcljy reduce tllc scattered li,glit caused l)y tllosc illl])crfcc.ticj~ls.
‘1’al,lc  1 SIICIWS tllc rclcvallt  ])aralllctcrsc)fsl)ace  vs. .groulld  A() systc)lls.

IIlstcad  c)f correcting tllc wavcfrc)llt for turl~ulcllcc  100 ti][lcs a smxnld, s])acc A() is a oIle-ti)llc-ollly  (or e.g.
daily Ill)datc)  ]Jroccdure. 111 s]~acc tllcrc  is 1]0 IIccd for  a  sq)aratc wirvcfrollt  smlsor; tllc sc.imlcc calllcra  call k
Nscd t,c) dct,cct t,llc wavcfrollt  error.  l’llasc retr ieval  teclllliqucs  arc uscxl oll tllc science data to deterlili]lc  IIlirror
corrcctioll.  l’crlla]m  tllc b igges t ,  difl”crmlcc is ill tllc active  Il)irrc)r.  011 tlIc groutld tllc ac.tivc ]Ilirror IIlust rc]llovc
tllccffccts c) fturl)ulc]lc.c  wllicll call require  u}) to 10/{l[lc)f{)])tical ]Jatll for all 8-10]II tclcsco]lc. III s;lace because
tllc ])rilllaryalld secondary IIlirroris well l)c)lisllcd,  lllc required stroke is very slllall,~(l  Iifii at IIlc)st. ‘J’llis  can bc
iill])lclllcntcd  wit])  a l]cw gcncraticnl of active  II)irrors forsl)acc wllicll call l)clluilt atl cm’ cost.
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Acluatcrrs  dc.fiacd by ckmmdc  paucrn

IIackup ]’late

. 1 ,argc smk >10 um . Small stroke. (0.lu[n)

. Space bclwcca  acluamrs nculcd  for . No gap bctwcca  actuators
Iargc motions . Single kiycr, not slacld

. 1 ‘igurc of faccshcct  dcpcmds m . Solid mirror can bc polished like
tbidncss of faccsl)ccl ordiaary optics

(hmnt tccbnonlogy  ---> l~lat Adiv~ h~ili<ols only

F i g u r e  G: (kn[l])arison I)C(WCC1]  siackcd faccsllccl ]Ilirror and II]ollolitllic II[irror

3.2. ll]t[:gratc!cl/McJl~  c~litllic Active! Mirrors

Active ]Ilirrors for Eroulld-lmscd tclcscoI)cs ccnilc ill scwcral flavoi-s.  SO]IIC arc t)ascd o]) stacks  of l’MN/l’Z’l”s. .
wit]l f a c e  sllccts.  otllcrs are basrxl  c]])  l’Zrl’ l)i]tlori)lls. Yet otl]ers arc based OII l’Z’l’/l’M N tubes. ‘1’IIc krlicst
dcforlllal)lc  IIlirrcm was  ljascd o]) a IIlc,]ic)litllic l,iccc of I’Z’]’  w i th  all clcc.trode  l)attcrll  dqlcwitcd o]] tllc J’Z’1’  to
dcfillc tllc actuators. ‘1’llis  tylm of act ive lllirrc,r is 1)0 lc,llgcr  used I,ccausc tl]c strcdic of a sillglc 1’X’1’  layer is
illsuflicimlt 10 correct tllc 10 1(111 cfkcts c)f atrllosl  Jllcric turhulmlcc. l?or S])acc apl)lic.at io~is, Ilowcvcr,  this sillglc
layer of l’Tvl N/l’X’l’  is suflicimlt to cllalgc tllc o])tical  l)atll I)y 50 ]])]). l’igure 5 snows tile collcq)t  for a ]nc)]lolitl[ic.
active  ]Ilirrcm, wllcrc ]Illotc)li  tllogra])l)ic tecliiliqucs  are usd LO ddiIIc tlIc size aIId llulnl)cr  of actuators. Allotltcr
si]tlplification  of s])acc A() is ill t,llc clcctro]lics  that drive tllc rrc.tivc ~llirror. IIigli bandwidth active ]Ilirrors require
C)IIC IIigll vc)lt,agc .aItl])lificr  lwr actuator. l’hl N/1’Z’l’  actuators, IIOWeVCr) are totally ca]mcitive  and require ])ower
c)]Ily  WIICII llIC actuator is ]novcxl. No ])owcr  is rquircd if tlIc IIlirrc]r  is asked to “liold” a ])articular  ])ositioll.
IIcllcc, a single  alll])lificr wi{ll a multil~lexcr call IJC used to drive tl[c wliole active ][lirrc]r  ill s])acc.

3.3. Illtc!~rhtc!d  mmlolit.l~ic  dcfmlnalllc  lk)irror for Sl)acc
IIc.cause of (IIC lligll actuator dcxwitics required, tllc dcforl)laljlc  IIlirror will require all illtcgratccl  ]Ilctllod of

fal)ricatiol].  Onc design concq)t  is SIIOWII ill k’ig. L (right ])allcl).  A si]lgle l)iczcwlcctric.  wafer sal]dwicllcd I,ctwcml
clcctrorlcs  is used to provide tllc fore.cs IIcccssary  to dcforlll tlic lliirror. IIccausc of tllc initial quality of tllc 11S’1’
o])tics  tllc ac.tivc IIlirror has a low stroke  rcquirclllcllt  (w -1 / - 5011111).  (~c)llsquclltly,  tllc llX1’ wafer does llot ]lccd
to IJC diced. All clcc.trodc j)at tcrl] is dc]jositcd o]] tllc bot toll) layer of tllc l’Zrl’ wafer . ‘J’llis  electcodc  })attcrn is
used to drive ]oc.al regic)lls  ill tllc 1’Z’J’ wafer. A]lotller IIletal layer is dc]~ositcxl  011 tile tc)I) of tllc I’Z’]’  and serves
a s  tllc grc)uad ]Jlanc. ‘1’IIc clcctlrode  ],attcrll  will IIavc to I,e fal]ricatcd  using ])lic)tc)litllc)gra])llic  t e c h n i q u e s  and
will rquirc IIlultiljlc  layers tc) run sig[lal lillcs to tllc ]~cri])llcry  of tllc device. ‘]’IIc  fal)ricatioll  ]~roccdurcs  lnust  Im
])crfc,rllled at t,cltl])craturcs  wllicll do IIot de], o]c tllc I’Z’1’  wafer and IIlust result ill a flat dcvicc so ])rillt-tllrough
effects do IIot sl[ow u]) o]! tllc to]) surface of tllc itlteg; rated I’Z’]’  wafer. ‘1’l)c wllolc sa]ldwicl]  asset[ll)ly  is I)o]ldcxl



OII a glass sulwtralc for structural sul)l~ort. A t}IiII glass surface is tJICYI  glued 0]1 tllc to]) of tllc 1’Z’1’ sallclwicl].
1+’illally this surface is su}jer]mlisllccl and coatcxl to ]jrovidc al} cx(re]llcly  slllootll  rdlccti])g  surface for tllc ]nirror.

4. SCA’1’2’EIUNC;  : ‘J’IIN I)Al(l{ 1101/lI; Al, C; OIU’1’IIM

4.1, IIltrodllcti(nl

As dcsc.rilmcl in ~ 2.2., scattering is an itl)portant litllitatioll distitlct  fro]ll diffraction. ‘1’IIc idea is to usc the
ac.tivc II)irror  to col)trol tl]c scattering lcwcd I)y setting tllc stroke c]f each actuator. l“or cxa)JJ}Jlc,  a pci-feet wavcfront
witl] a s]na]l sinusoidal error ill tllc I)u]Jil would result, in two peaks ill the iloagc  ]~lallc located sylnrnetrically
at tllc C.c]rrcq)ol]dillg  sl)atial  frcqumlcy of tllc sinusoid. ‘1’llc dcforlllal)lc  IJlirror, if it IIas C]lougll actuators, can
rcnllovc  t,]lc sin~woida]  crrc)r ill the l)u])il  a]ld llcvicc t]lc scat tered l ight  at (ILC  ]Jositioll of tllc ])eaks ill tllc i)llagc
l>lallc,

Givcll a fillitc  IIulllllcr of actuators, Ilot all tllc phase errors  call lm elir[li~latcd and tllcre  will I)e SOIIIC residual
sc.attcr. ‘1’llc goal is to rcducc tllc scattering ICVC1  dowIt to lCSS tllall  10-7 of tile star illtcn]sity at tllc cxl)cctcxl
locaticnl of tlhc ]Ilallct. ‘I’llealgoritllll  ltllatw cclcvclc)])ccl  tocalculatct llcactuatorsst rokeiscal]cxl tllc dark hdc
algc)ritllltl.

‘1’l)c  ])llascat tl]cl)u],il istllml givcui l)y:

wllcrc ~JI(u,v) is tllc flgurc error of  tl]c o])tics, ~~(!l,?~)  is ~]lC’ i]lfll]~]lcc! function fro]ll t]lf.’ kL1’  aCtlla~or  a]ld  Cfk
is tl]c s(rokc of tllc actuator- .  I II o u r  silllulatiolls  wc assullml  that tile iliflucvlcc  fullcticms arc o]l]y piston  o]lly
actuators, i.e.

{

O  ifc)lltsi(lco fs(lll-])lt])ilk
q.(tl, l)) =

1 ifillsiclc  c)fslll)-l)ll]lil k
(6)

4.2. Max Str(!ll]

Usually, active o})tics  arc used to Itlaxilllizetlle Strclll  ralio of tllc itllagc. ‘J’llis i]lkrc)lvcs  lllillitlli~,illg;  tile rl[ls
wavcfrol]tl  crrcm c]vcr the mltirc ]Jul)il and is cquivalcllt  !0 scttillg tllc average wavcfro]lt  error c)li cacll actuator
e q u a l  to zcrc). ‘1’}lisrcsults  ill dccrcasillg  tllcscattcrcxl liglltllcdr tlIc center  oftllc illlagca)ld issllowll  oll l’ig. 6
(I)ottolll  lcf~ ]Iallcl).

4.3. No]lli)]cmr  SO] UtiOll
I]) tile casr  c)f I)lauct dctcctioll  wc do Ilot IIcccssarily  want  to su~~])rcss scat ter  llcar tlm cclltcv of tlm ill~agc

Illlt rat]lcr  at t}lCC!X1)C!ckXl loc.atio]l of tll(!  ])]allC!t  (().5 ] arCSC’C). ]fl Or(lcr tc) (l~krllljlle  t]lf? aCtUatc)rStKkC (fk,

wc used a clli-square  ~llctric. C.ollsistillg  of tllc total illtcllsity  ill all tllc dark I]oIc ])oirlts. WC dcfillcd a dark lIole
])oilltj a  ])oint, c)ftllc  illlagc  wllcrc we wis]l tc) rcqllovc tllc sc.attcri]lg. ‘J’llc ]Iletric was t]lml ]Ili)liloizccl using a
l,cvclll~crg- h4arc111arclt  IIollli]lcar  least-square ]Jrctgralll. A IIlorc  detailed clcscri])tio))  of tllc IIol]lillcar  least-square
]Jrogralll  is ill ]Jrc])araticm.q

A  1024x  IOM array  c]f])c~illtsw’asl  lsc(l  tc)salll],lc  l,c)tll t}lc], tll)il  aild t]lcilnagcl,]al)c. ‘1’llc ],u])il  was actually
o]lly 204 })ixcls across. 1’igurcGsllows  tllcrcsult c)ftllc dark  liolcalgoritlllll: itsllows tile c.anccllatioll oftllc stray
lip;llli tlatlal]lll]larr cgiollw’itl10.11  arcsccillllcr ra{lills all(l 0.82arcsccc  )lltcrra clillsal l(las(lllarcsJ )acillgcjfO.  O7
arcscc l~ctwccl) the ]loi~lts.  A grid of 37 x 37 actuators was usd witl) 644 M’cctivc  actuators. ‘I’l Ie zero collst,raii]t
IIas I)ccll a])])licd  tc)568  i]tlagc],oillts. l’aIIc4 (a) SIIOWS tllc locatiml  of tile dark IIolcsi]l  tile il[iagc}~lallc. l’allcl
(1,) dis,~lays tl,c resulting intcl,sity  ],atter,)  i], tl,c  i],,agc ~,lal,c a,,cl ~,al,cl (c) SI,OWS  a radial  average  of t,l,c i*,,age
ilitcllsitly. II) this  case, wc ac.llicvcd a scattering level less tllall  3 X 10- 8 ljclcnv difl’ractic]ll alld a factor of 10 tc]
1 0 0  over tllc hflax strclll  scdut,icnl. ‘1’lIc al:,c)ritlll]lcc}ll~ergccl to asolutioli wllicli l~ad a ~Ilaxi]IIutllof +/- GOIIIII
of stroke.  It is i)l]]mrta]lt  to ]Ic)ticc that (lIC scattcrd light is ]Iot lost, l)ut, rcdistril)utd  outside of the clark IIolc
rcgic)]l.

4.4, S{!llsitivity issuc!s
‘J’lmscattcrillg  lCVCJ that call lW acliicvcd I)y tl]c d a r k  1101c algcwitl~]lica~l oftcl) Im Iiladcarl)itrarily slllallby

itlcrcasillg  tile IIullll)cr c)f llolllillear  least square itcratio]ls.  III reality, l)owcvcr, tllc ]Jcrfort[la]lcc  of tllc ac.tiw
o]~tics will Iw litllitcd  I)y tllc Iitlowlcdgc  of tllc wavcfrc~llt al)crratimls  and tile surface quality of tllc dcforlnal~lc
Illirror.  l~;rrors duc to iln])crfec.t kllcnvldgc  of tllc ]Jl]asr errors  ill tllc starlight wavcfro]lt arc II Iodeld as randolo
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Non Linear Least-Square
Dark Hole Algorithm

Minimization Parameters:
Wavelength: 0.800 microns
644 actuators (37x37 grid)
568 Dark Holes (arm 6085)
Max stroke: 28.9 nm
Min stroke: -58.2! nm
1024xI 024 array

Scattering Calculations:
Wavelength: 0.800 microns
1024xI 024 array

I?iglllx! G: liesu]ts  frol))  tllc dark  I]oIc algoritlllo.  ,’1’lic ]Jarallleters  are slIowII
iII tJIc lower right ]Iart of the figure. More details arc givcll ill tllc text,

errors iII tl)c actuator positions. We fc)und that wc IIccd a 1 IIlli accuracy ill I)otll wavcfro]lt scnisillg  .aIld surface
quality c)f tllc active loirror  ill order to acllicvc tllr results SI)OWII trl)cwc.

‘1’I)c d a r k  IIc)lc  algoritlllt)  c.oln])utes tllc ol)tilllulll  a c t u a t o r  sl)acillg at a ]]articu]ar  wavclc]lgtll.  Fcm a fixed
actuator c.cnlf@uratioll, wl)cll  tllc wavclr]lgtl]l  cl Ial Igm two tlli]lgs occur. l~irst tllc dc],tll c)f tllc dark ltc)le cl)a]]ges
in ]Jro])ort,ic)n  to AZ. SccoNclly, the dist,allcc  of tile dark 1101c fro~ll tllc ccllter c)f tllc illlagc  ]~lalle will cllallgc ]incar]y
with tllc wavclcllgt,ll.  II) order for tllc dark I1oIc  algoritlli]l  to function  over a l)rcmd wtivclcllgtll I)alld, it is cssmltial
that (tlm-c is sig]lificallt  overlap ill tile dark llc)le rcgiolls over tllc elltirc  olmcrvatio]l  s}lectral I)alld. (;olwcqumltty
it is ill)])oriant  to c.zr]lc.el  stray light ill rcgiolis as close to tile celltcr of tllc field of view as ]Jossil)le.

5.1. IIltl’o[lllc.t. icnl

A  gcllcric c.oroltclgt-apll c o n s i s t s  o f  a)] c)ccultillg; IIlask illtrc)duccd  ill tile o]]tic.al I,calll at, tllc focus c)f tlic
tclcscc~l)c ill order tc) su])lJrcss c)n-axis illlagc.  1,yot5’G ]Joillt,cxl  out  tl,at tile cflicim,cy c)f a cc)rollogra]~lt  w a s

a])])rcc.lal)ly  IIlcrcascd  I)y using a ],yot S(C)])) sliglltty  s~[laller  than tlIc  tclcsco]]e a]~crture ill a l)ul)il ])lalle followil)g
tllc fc)cal l]lask (see l’ig. 7) .

IIasic.ally, a cc)rcnlogra])ll  is all c)lltical cascade. ‘1’llc first occulti]lg  IIlasti  lias two })ur]mscs:  (1) to rcduc.c  tile
light  coloirlg frolll t}lc ccvltrai star I)y a direct occultatioli, a]ld (2) to filter tllc low spatial frcquelic.y of tllc ])ul)il.
‘J’llis rcsu]ts  ill: (1)  a  rcductioll  of t]lc stc]lar  light  ill tllc ])u])il }Jlallc , and (2) a rcclistril)lltic]ll  c)f tllc rmllaillillg



l’upi]  l’lrlnc l~c)crd  l’lallc }’q, i] l’lane. I~ocal IYm)c.

‘1’clcscq)c 1%1( I 121)s Apcr(urc 1 MIS IIctc.ctor

Apc.rt are Occwlliag  Mask I ,yol stop

l“igulx:  7: (J}lt ical lay-out c,f a l,yot  corollogra],ll

l i g h t  to tlIc edge c)f t,lIc  j,ul,il. ‘1’}Ic IJllrl}osc  of t},e IJyc,t sto}, is tl,c], to ],,as k tllc ligl,t  located 011 tllc edgy of the
]Jul)il.  l’or a ],oiut  l oca t ed  away  fro]])  tllc celltr~l star, tlIc c)ccultillg  IIlask has a IIcgligil,lc Meet and the l,yot
st,o]) decrcascs OIIly t)llc size of t,llc a])ertrlrc causing a slight illcrcasc irl tllc widtl[ of tlIc ofl~axis  1’,S1 4’ .

5 .2 . C;]ioicm  of tllc occult ing lntisk [NIC1 of t]]{! ],yot St,ol)
1]) order tc) get tllc l)cst star light rcjectioli,  wc ]Iccd to c~])tilliize tile trallsrilissioll  ]Jrofilc  of tllc c,cc.ultillg lnask

and tl]c l,yot  sto]). ‘1’hc sill]~jlcst slla]lc is c.allcd sllarl)-rdge  allcl is a stc)l~ wllic]l has a trallslnission  of 1 00% out
of tllc IIlask and 0%, illsidc tl)e l[]ask.  ‘J’llis  Iii]ld of IIlask is easy to I)uild, I)ut  it is not very effic.icnlt, l)ccausc tllc
sllar]> edge crcat,cs  diflrac.tioll riags  ill tile ]~ll]jil.

‘I1lIC alll])litude  ill tllc l,yot  ]Ilal,c is tile co],volutic,l) of  tl,c ill])ut ],u],il (tllc  oc.caltil]g ]Ilask is sto;)])itlg  a l l
tllc cc]ltral stellar l i .g i l t  lJut tllc ou{er  ril!gs  wllicll  are lcIcatccl at tllc ]~u]]il edge) I)y tllc F o u r i e r  trallsforl[l of the
occult i]lg ]Ilask  slla]w. If tl]c occultil)g  IIlask  is gaussiari, tllc I)cst  slla],c fc)r  tllc l,yot  stc)l) is tllc ill])ut ])u]~il slla],c
with a gaussiall  transition tc) tllc e d g e . ‘1’1)[  width of this  trallsitic,ll  is illvcrscly ])rc,],ortiollal  to t,llc size of t]le
focal IIlask.

IIowcver wc clIosc  allotllcr a],],  roach wllicll  IIiaxirllizcs t}Ic sig;[lal to lloisc ratic, ill tllc irllagc ])laIIc  ZUICI  t,llercforc
ill tllc ],yot ]]ul)il  ]]lallc. ‘1’IIc I)cst, way of accc))[]])lisllillg  this is (,0 colll]]utc tllc illtcllsity  c)f a ]]erfect  oil-axis  sour-cc
ill tllc l,yot  ]~lallc and tllcll tc) usc a IIlask  wllicll is tile illvcrsc of  this  illtcllsity  distril)uticnl.  III o r d e r  tc) ]Jlac,c
a]] u])])er  lilllit C)II tllc IIlask wc usc a  threshold ICVCI. ‘J’IIc ]mrt c)f tllc ],u}]il wllicll is  below tllc tllrcsllc)ld lcvcd
IIas a 100CX,  tral]sl[lissioll  and tllc rest  IIas a trallstllissioll  illvcrscly ])ro],ortiollal  to  tllc illtcllsity  o f  this  ])crfcc.t
source.  II) c)rdcr to furt,]ler i)lc.reasc tllc S1O])C  of t,ltc I)riglltrlcss  radial distrillutioll, wc ll]ultil)licd  this  filt,cr  hy a
filter IIavillg; t,llc followil]g radial t,rallsll)issioll:

wit]l ?>1 tllc ])u])il radius,

5.3. Sill)lll+itiolls

A 1024 x 1024 array

[[ 1]
2

p - (?1 -t rz)p 2
1’(7(,1)):  ] - -

(7’1- ?2)/2 ‘
(7)

I’Y tllc ccvltral  ol]scarat, ion radius.

of ])c)illts w a s  u s e d  to salll])lc I)c)t,ll tllc l]ul)il  allcl t,]lc jllla~e lj]allc. J$lc t,ook a l)crfcct., .
wavcfrollt with tllc slla])c c)f tllc actaal 11 S”1’  ])u])il.  l~igurc  8 s]iows tile result  of tllc corollogra])]l  silllulatiol[.  ‘J’lle
gaussial] IIlask IIas a l“WIIM  corrcs])c,lldi]lg  to four Airy ritlgs. ‘J’lle trallslllissioli  is 88% at 0.5 arcsec fro~ll its
center. ‘J’IIc  l,yot, stc,]) t,ra?lsl)lits 21%, o f  t,lle ill])ut ~)u],il  area rcsalti)lg  ill a total tllrougll],ut  fc,r tllc ],lallct  o f
1 8%.
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G. T’IIE  S P A C E  ~’IOIJESC~[)I’lt AIIVANC:l+:I)  C~AMEli.A  A()/C:()Il.[)NC) GI{.AT’11

‘J’]Ic goal of this  study is to dcsigll all Active optics Coronogra])ll for tllc IIul)b]c  Space ‘lklescopc ill order
to illlagc  extra-solar pla]lcts  directly. ‘J’]lc  i]lstrulllc]lt, woIIld  I)c coTIl],oscd o f  c)l)tics tc~ rc-iltlagc  tllc pupil  On a
dcforlnahlc  lnirror. ‘J’lIc s])llcrical al)crrat,ion of II SrJ’ would  bc corrcctcd  hy dcsigtliilg  t]lc active  ~[lirror  w i th  a
colll])cmsatillg  curvature. ‘1’l]c focal occulting 111A would  be located lmllilld and followecl I)y a l,yot  sto}~ at a
rcirllagc of tllc ])u])il,  A fold lnirror  would articu]atc ill order to align tllc active  ~llirror wit]l tile prilnary.

‘lb cstilllate tllc actual  cx])osurc  ]]ecdcd  tc, detect a l)lallct,  wc used tlie tralw)rlissioll  give]) ill ‘1’al,lc  2. ‘J’lIc
nu]l]l)cr of  photons  rcccivcd ])cr scc.o]ld frolll tllc ])lallc4 is thmt 0.2 ])llotoll/s  and requires  1 l14ftl of illtcgratioll
titllc to achicvc a SNIt  = 5 (cf. ‘Iiablc 3).

7. CONC1,  USION

wc nave ~)rc)l)c)sccl a lec])lliqllc \$rl)ic]l  ~ri]] ~llal)lc t,]lc ]]u])I)]c S])acc ‘JTCICSCO]IC t,o clctcc,t  ex t r a - so l a r  plallcls  in

a rcasollaljlc  allloullt  of cxl)osure tilllc. ‘1’llc tcclllliquc  uscs s])acc  active o])tics with a large IIullll)m of actuators
ill order to rcxlucc tllc wavcfro]lt<  crrcms  of tile ]~rilllary and secondary IIlirrors, and a corcnlogra])l! to reduce tllc
a]llount  c)f diffracted light frcn[] tile ccvltral sourc.c. III tllc future wc wi l l  I,c clc]l]c)llstrati]ig  th is  tccll]liquc in tlIc

lal)oratory.
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like also to tllallk  IL. ‘J’crrilc, S. l’ravdo  and C. l’taclas  for stilliulatillg discussions. ‘J’llis  work was ]Jerfor][lcd at



.,.

a

‘1’al)l[: 2: }’;xJJcwurc  t,iltlc Imral[lctcrs

F “-’: ‘-- ‘--

-Illll)l)lc  Space ‘Jk]cscz];c
1[--

Ac~ivc C)l,tics/{Jc;c,l16gr~1,11
]’rii]lary  ]J)i;ror ‘-  87% Ikfor])laldc  IIlirrcm 98%’]  11’ocal IIlask

1 _: ____Rx.ondary IIiirror 87%

l..

ltclay ]cniscs I_ .9 0 %  l,yot  sic)])
‘Jkallslllissiol-l 75% ‘l~~lls~llissiol~ 1 7(Z.—  -

[.”.. __” ‘lbt)al t,l)rollgl~fi]tf  ort,llc]jlaiict =
~e]ltra]  v?’av~]~llg~]l =. ().8//IJl

IIalldwidlll  = 0.4/lJll —

9%

[ Star clistalicc
Astmo])llysical  ]mrarllctcrs

10 ])C I l’larletoil)it

[.

Star radius 1 ILc) l’lallct  all)cdcl
Star tcvll])erat~lre 5770K l’larlel  radius

““--1 --- ‘-_ lktcctcm
~g~” ..—

O]~tics  ‘“ 90%
21% Q1’: 80%

‘Ikarlsr[lissiori  72%—

[
Nuttil)cr of ])llot,c,]ls

dctc’ckxl  ]Jcr SCCOJI[]: I

1 Shr 2X1O$
backgrc)ulld 5.2 I

[ il,tcgratio,,  ti,,,e 111411, I

tllcJet l’ro])ulsicn]  l,al)cmatory, (;alifc,rllia  l}lstit,[tt  ec)f ’lkcllllc,lc]g;y, ulldcr a contract, with tllc Nat,ic,llalAcrc,l}altt,ics
aIId Sjmce  Acllltil]istratic)ll.

lic!fc!lx!llc(!s

1 .  11.1’. ]Iurkc, ed., “’l’O1’S: ‘lbward otllcr l’laTlctary  Syst,cntw”) ATA,YA’s l{cpo71 by thr  ,$ola?, ~ysirtil  hhyloration
])ivision,  1992.

2. Korccllofi, it., cxl., “ll Altl’:l llllJl~lcA l)crratic)ll ltctricvall’rograrll”, llAlil’l~~iagcltttlcrsio~i  lVolks}iolIl[c~,orl,
]{):)0

3.  Macmlkaj S., ]>rivatc c.c)rtlrrt~tllicatic)rl.

4. Shac), hi., }’u, J,, and h~allwt, ~., A ,Tyacc l~ascd Chronograph u.silig a l)cfonnahlc  Mirror, ill })rcl)aration,
] 994.

5. l,yc~t,l l., la rouronncsolaim <itidi<c cn dcltors  dcs <clipses, C.l{. Acad. Sc.i. (1’aris),  1 9 1 , 8 3 4 ,  1 9 3 0 .

6. l,yot,l l.,1’l,of~lg~a]~){ir dclacotl~o~tt~csolaitcctl  dc}foTsd cs4cii]~srs,C  ;.l{. Acticl. Sci. (l'aris),l 93,11 G{),l93l.


